Numerical experiment is conducted based on canonical problem for breaking solitary wave run up on sloping beach. The model in this study was developed using simultaneous coupling method of shallow water equation (SWE) with k-ω model for assessing boundary layer under solitary wave run up. Free stream, bed stress, velocity profile, and k value are recorded in three measurement points. The locations are, at the start of bed slope, near shore, and another one between them. Free stream velocities measurements show that the wave deformation due ti wave breaking causes a longer period of deceleration as the wave travel to shoreline. The effect is observed in the bed stress profile, vertical velocity distribution and k value. It is found that k value increases as the wave approaches the shoreline and its generation is highly effected by the wave breaking.
Introduction
Tsunami studies have been a major interest since The Great Tsunami of 2004. The incident has shown the massive destruction along coastal area hit by the wave. Inundated area may reach kilometers from the shoreline to inland. The massive impact is seen even today. The tsunami travels from the source to shoreline. As it travels to shallower area, breaking wave occurs, which was also the case in The Boxing Day Tsunami. Therefore, it is important to accommodate breaking wave in tsunami modeling. As the tsunami wave hits the shoreline, it causes sediment transport and changes the coastal morphology. There has been various studies regarding the tsunami wave propagation and run up. Nevertheless, bed stress assessment was not a major concern.
Long wave approach is often used in tsunami studies which often involve numerical and laboratory works. Synolakis 1) conducted a series of laboratory experiment measuring the runup of solitary waves along with analytical solution for a solitary wave propagating over constant depth and then running up a sloping beach, which is commonly referred as canonical problem. Canonical problems are often used as benchmarks for validating numerical codes in tsunami run up studies.
Solitary wave run up is commonly approached with shallow water equation model in which, common assumption of bed stress vector relation to free stream velocities is used. In detail, this assumption can not be used since the velocity and bed stress does not always behave in a similar way. Tanaka and Thu 2) have shown the importance of friction and phase differences between velocity and bed stress under waves. In general, more complete bed stress formulations may incorporate both velocity and acceleration related terms, or may include phase lag 3, 4) . Nevertheless, the model is still one of the most commonly used model since it is efficient with relatively good accuracy. The model has been used to simulate various case of tsunami, including the 1993 Okushiri tsunami 5) , 2004 Banda Aceh Tsunami 6) . It gives relatively accurate results and suitable for practical application, although the model can not explain the boundary layer. Volume of Fluid Method which is applied for more detail simulation, i.e. NEWFLUME 7) , gives a more detail process of breaking wave. DNS simulation had been used to investigate the boundary layer under solitary wave 8) . Nevertheless, these methods include more terms and far more complex than the SWE.
Understanding sediment transport processes under wave motion requires a more detail approach. The process is closely related to the bed shear stress which is influenced by the boundary layer beneath the wave itself 9) . Various studies had been done to investigate boundary layer beneath solitary wave. It has been shown that bed stress under wave run up changes its
sign in deceleration phase to the opposite direction of the free stream velocity 10) . It is also proposed that the deceleration phase has an important role in the turbulent development 11) .
Recent development has enhanced SWE model by coupling with k-ω model 12) . Both models are successfully coupled to increase the SWE accuracy by replacing the conventional Manning method with direct bed stress assessment from boundary layer. The model is applicable to investigate the boundary layer under wave run up. The method has been verified for canonical problem and extensively use for various analyses of bed stress under solitary wave on non breaking wave canonical problem 13)14) . However, the method was only applied to non breaking wave case due to the SWE incapability of handling breaking wave condition. Boussinesq-type equations 15) can be used to simulate breaking wave condition. Boussinesq based model with a constant value of eddi viscosity in the shallower area was used to simulate tsunami wave 16) . Surprisingly, they have not demonstrated to provide more accurate runup predictions for tsunami runup even for landslide wave 17) . A finite volume method has the advantage of solving the SWE and maintaining the volume conservation. Shock-capturing numerical method can be used to overcome discontinuities problem. The Godunov-type scheme with Riemann solver is known for its conserving and shock-capturing capability. A modification of Godunov-type scheme leads to a second order accuracy in space such as Monotonic Upstream Scheme of Conservation Laws (MUSCL) scheme 18) . The method was further enhanced by combining with the First Order Centered Scheme (FORCE) 19) and Total
Variation Diminished (TVD) Runge-Kutta. The enhanced method, known as FORCE-MUSCL scheme was employed to solitary wave run up with satisfying results 20) .
Recently, the coupling method of SWE and k-ω model has been updated with finite volume shock capturing scheme, FORCE MUSCL. Application of the scheme has been shown to enhance the SWE capability for breaking wave simulation without reducing its efficency 21) .
In this study, simultaneous coupling of SWE with k-ω model is used to study boundary layer under breaking solitary wave run up on a sloping beach.
Methodology
Boundary layer assessment in solitary breaking wave run up is assessed using simultaneous coupling model of SWE and k-ω 12) . The method simulates water surface and depth averaged velocity under wave run up using SWE model while k-ω model is used to assess bed stress. The coupling method works by upgrading conventional Manning approach for bed stress term in the momentum equation of SWE. The depth averaged velocity is assumed equal to the free stream velocity outside the boundary layer. The k-ω model uses the free stream velocity from SWE to assess bed stress in the boundary layer which will be used in SWE calculation. Flow chart of the method is given in Fig. 1 .
Fig.1 Computational flow chart
The governing equations for the model are SWE and k-ω. SWE equations are shown bellow.
with h is the water depth, U is the free stream velocity, x is distance in horizontal plane, t is time, g is the gravity acceleration, ρ is the fluid density and τ o is bed stress. In this method, the bed stress is given from the k-ω model from the boundary layer based on the turbulent viscosity ν t as given in the bellow.
k-w model governing equation are as follows.
Where U i and x i denotes the mean velocity and location in the grid, u i ' is the fluctuating velocity in the x (i = 1) and y (i = 2) directions, P is pressure. ν is the kinematics viscosity, ρ is the density of the fluid, S ij is the strain-rate tensor, with the pressure gradient itself is a function of the free stream acceleration given as follow.
The turbulence closure is given as.
( )
in which k is the turbulent kinetic energy production and ω is the dissipation rate. The advantage of k-ω model is that it can accommodate the following wall function.
with U o is the friction velocity. More detail is given in the references 22) . Other parameters are given no slip boundary, thus, u, v and k are zero at bed. In the free stream, zero gradient are applied giving d(F)/dy equals zero. The initial conditions for the parameters were determined by trial and error until it reaches a near constant value Slight adjustment is required to accommodate the FORCE-MUSCL auto time step. FORCE-MUSCL method is applicable for Courrant stability range 0 to 1. However, we have found that the best result is obtained for Courrant stability range 0.4 to 0.75. Lower value will over dissipate shock where as higher value will affect the stability of the model. Hence, the finer time step, which is required for the k-ω model, may reduce the SWE accuracy. Therefore, interpolation is used to assess free stream velocity with finer time interval.
In this study, the model is used to assess boundary layer beneath breaking solitary wave run up on sloping beach 1) as shown in Fig. 2 . 
where η is the water elevation, x is the coordinate as given in Fig. 2 . Asterisk notates the corresponding parameter in its non-dimensional form. U c is the incoming wave maximum velocity given as.
The solitary wave initial profile and velocity for the incoming wave are given based on the following equations:
The wave profile is given by Eq. (18) with the initial velocity as given from Eq. (19) and Eq. (20) . The location of this initial wave peak is at X 1 as shown in Fig.2 . X 1 is situatued at half of the inital wave length (L/2) from the initial slope (X 0 ). The wave lenght (L) can be calculated according Eq. (21).
The model is setup with beach slope of 1:20 and the ratio of still water depth with incoming wave height (H/h o ) of 0.3 which corresponds to the breaking solitary wave run up in the original laboratory experiment. The model domain (Fig. 3) is divided into 365 cell with horizontal grid spacing 0.1 x* and vertical grid spacing for the near bed 0.001 y/y c with y c is the incoming wave boundary layer thickness.
The incoming solitary wave Reynolds number (RE) is 18000, which can be calculated by the following equation . Hence, the condition of the incoming wave is laminar boundary layer. However the criterion was derived based on closed conduit experiments. It is found that in open channel case, turbulence may appear in a lower Re 23) .
The following simulation has been verified and it has been shown the range of the model covers the condition of non breaking and breaking wave run up 21) . It showed good agreement to past study 1) as shown in Fig.4 .
Boundary layer assessment is conducted at three locations (Fig.2) . The first location (point 1) is at x* = 20, which correspond to the initial start of beach slope. The second location (point 2) is at x* = 10. And the last location (point 3) is located near to the shoreline.
Results and Discussion
The wave profile evolution reveals that the location of breaking point is approximately at x*=10 as shown in Fig. 5 . At this location, calculation in the FORCE MUSCL scheme shows a sudden switch to a high dissipation scheme. The ratio of wave height and water depth is approximately 0.8 which is reasonable for breaking wave condition.
Bed stress and free stream velocity for point 1, point 2 and point 3 are shown in Fig. 6, Fig. 7 and Fig.8 , respectively. The wave profile at point 1 has not significantly deformed from its original solitary wave shape. However, at point 2, and 3 the wave has no longer resembled solitary wave shape. 
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The wave at point 2 has sharper acceleration phase with longer deceleration phase. The period length of deceleration phase at point 1 is approximately 7 t*. The period length increases as the wave approaches shoreline and starts to deform. Deceleration phase length at point 2 is 10 t* and at point 3 is approximately 15 t* with a more linear shape. Thus, after the wave peak, point 1 experienced faster deceleration magnitude than at point 2 with point 3 being the slowest.
Different bed stress behavior is observed around this period of deceleration. Further check is conducted by analyzing the vertical velocity distribution at point 1, 2 and point 3 as shown Fig. 9, Fig. 10, and Fig. 11 , respectively. The bed stress profile at point 3 shows that prior to the flow reversal, there is a short period of slow decreasing bed stress (t* = 25 to 30), which is confirmed by the velocity profile showing a slowly decreasing velocity gradient. Similar behavior in a less manor is also found at point 2 (t* = 17 to 22). However, the period of slow decreasing bed stress appears after the flow reversal at point 1, starting around the time of flow reversal (t*=8), which is also shown from the velocity profile. Furthermore, it is also found that bed stress peak during flow reversal appears in the deceleration phase (t* = 12). This behavior can also be observed in point 2 (t* = 26). However, the flow reversal peak does not occur in point 3.
Vertical velocity distribution clearly shows that the free stream velocity does not always in phase with the velocity gradient near bottom. The existence of flow reversal has really shown that the bed stress is not linear to the square of free stream velocity. During the deceleration phase, the free stream velocity can be in different direction with velocity gradients near bottom. Furthermore, there will be times where free stream velocities are zero but bed stress value exist due to the non zero velocity gradient near bottom. In the non breaking wave simulation, there is no significant increase in the magnitude of k value 24) generation. Solitary wave experiment or numerical study using 1D approach usually marks the existence of turbulence with the decrease of flow reversal, since there can be only one direction of soliton velocity in the free stream. The wave deformation, which can cause flow reversal, was also not significant during the non breaking wave simulation. However, in this numerical experiment, flow reversal may exist since there can be reverse velocity in the free stream velocities as shown in real case due to effect of varying bottom and wave deformation . Therefore, in this experiment, k value is observed. Maximum k value across the sloping bed profile is given in Fig. 12 . Here, k* is the non dimensional form given by k/U c 2 .
The k value production seems to increase significantly at x* = 10. This location, based on our simulation as shown inFig. 5, corresponds to the breaking wave point. The k value production results at point 1, 2, and 3 are shown in Fig. 13, Fig. 14, and Fig. 15 , respectively, with (b) is an exaggeration of the near bed k value evolution. At both locations, k values are shown to evolve at near bottom area ( Fig.  13 (a), Fig.14 (a) and Fig.15 (a) ). This is clearly showing turbulent generated near bed behavior. Turbulent intensity would develop at bottom and slowly dissipates upward to free stream corresponds to the wave peak and deceleration as at point 1.
Details of near bed k value show significant different behavior as shown in (Fig. 13 (b), Fig.14 (b) and Fig.15 (b) ). The k value from the breaking point toward the shoreline seems to be influenced by the breaking wave. At point 3, significant increase of k value is observed around the period of slow deceleration with its peak around t* 30. This is also the case in point 2, yet with less noticeable behavior. At point 3, the peak value of the k value corresponds to this period of slow deceleration.
The first noticeable effect is that the near bed k value before the breaking point has only one peak. However, starting from the point of breaking toward the shoreline, the near bed k value seems to have two peaks. Boundary layer under wave motion will be highly affected by the pressure gradient. Most studies approach it by the value of local acceleration. It is well known that the effect of deceleration will cause adverse pressure gradient that causes turbulent structure to develop. Nevertheless, in this study, pressure gradient is governed by the combination of local acceleration and the convective acceleration. Thus, due to the breaking wave, there can be significant interaction between these two terms which lead to the existence of two peaks in the near bed production of k.
Conclusion
Boundary layer assessment under breaking solitary wave run up has been conducted in this study. The bed stress, velocity profile and k value were assessed at three locations. One is located near the shoreline, and the other one is located at the start of bed slope.
Near the shoreline, wave has deformed significantly from its solitary wave shape. The effects on the assessed parameters are shown. Bed stress is shown to slowly decrease after the flow reversal occurs. However, the wave deformation causes the wave near the shoreline to have a slower deceleration magnitude. Bed stress profile showed that this caused slower decrease in the bed stress magnitude although flow reversal has not occurred. These were also shown from the vertical velocity distribution. This would further suggest the inaccuracy of bed stress linear relation to the square of free stream velocity. There are periods where bed stress would have different direction with free stream velocity (sign changes) and there are times where bed stress exists while the free stream velocity is zero.
It is noted that turbulence is generated from bed and the value increase as it approaches the shoreline. Furthermore, the generation mechanism is different prior and after the breaking wave. This suggests that sediment transport mechanism may behave differently separated with the breaking point. Overall, the model has shown its usefulness in assessing boundary layer under solitary wave run up. It is clearly shown that for a detail bed stress analysis, boundary layer approach should be used instead of empirical relation of bed stress and free stream velocity. In relation to tsunami case, implementation of the model in this study to the real case scenario of tsunami wave run up may provide a more accurate estimation in coastal morphology changes due to tsunami event.
